Introduction {#s0005}
============

Despite recent therapeutic advances in targeted therapy and immunotherapy, the 5-yr survival for patients with distant metastatic melanoma remains around 25% [@b0005]. Therefore, there remains a need for a greater understanding of the disease and for new and improved therapeutic strategies. BRAF^V600E/D/K^ mutations occur in ∼40% of malignant cutaneous melanomas [@b0010]. These mutations result in constitutive kinase activity and elevated downstream MAPK signaling, which drives cell proliferation and survival [@b0015]. Homozygous deletion of the *cyclin-dependent kinase inhibitor 2A* (*CDKN2A*) locus, is seen in ∼40% of sporadic melanomas and promoter methylation leading to silencing and loss of expression is observed in a high proportion of the remaining tumors [@b0020]. The phosphatidylinositol 3-kinase (PI3K)/AKT pathway is active in most melanomas, due to the loss of *PTEN* expression, or *PI3KCA* or *AKT* mutation [@b0025], [@b0030], [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], [@b0060]. In patients with BRAF mutant melanomas, the BRAF inhibitors, encorafenib, dabrafenib and vemurafenib, confer a survival advantage, demonstrating improvements in response-rates, progression-free survival, and overall survival [@b0065], [@b0070], [@b0075]. The initial response to these inhibitors can be dramatic [@b0080], sometimes causing complete tumor regression and dormancy; however, this response is often not durable, and patient relapse usually occurs within 6--7 months. This is normally associated with reactivation of MAPK signaling by pre-existing or newly acquired mutations [@b0070], [@b0085], [@b0090], [@b0095]. The use of concurrent BRAF and MEK inhibitors, such as binimetinib, cobimetinib, and trametinib, has been established as a synergistic treatment approach and one that has seen further improved response, as compared with monotherapy [@b0100], [@b0105]; however, after a period of response and dormancy the majority of patients develop resistance [@b0110], [@b0115].

Maximizing the effectiveness of targeted therapies requires greater knowledge of the molecular alterations that drive progression, maintenance, and resistance. However, the study of resistance to targeted therapy is highly complicated by tumor heterogeneity and melanoma has a mutation load that exceeds all other cancers [@b0020]. Melanomas undergo significant changes during BRAF inhibitor-mediated tumor dormancy, and accumulating evidence suggests that dormant cells have cancer stem cell properties that confer faster and more aggressive melanoma relapse [@b0120], [@b0125]. The study of tumor dormancy is challenging because residual tumors that respond to BRAF inhibition are rarely biopsied. Based on this rational, models that permit regulated expression of oncogenes are particularly useful for understanding mechanisms of targeted therapies because abrogation of oncogene expression mimics pharmacological inhibition of the target. We have developed a mouse model of melanoma based on the targeted delivery of retroviruses to melanocytes *in vivo* [@b0130]. This model recapitulates the human disease and allows for the temporal control of mutant BRAF expression with doxycycline [@b0135]. In this model, tumors initially respond to loss of BRAF, but recur after a period of response and residual tumor dormancy, that models human tumor relapse following BRAF inhibition. An analysis of the recurrent and responding tumors has revealed new insights into melanoma tumor dormancy.

Epigenetic changes have been suggested to drive resistance to BRAF inhibition, as ∼40% of melanomas develop resistance to BRAF inhibition without any identifiable genetic changes[@b0140].

Histone post translational modifications (PTMs), including methylation, play a key role in regulating gene expression programs to control cell differentiation, and aberrant histone H3 modification or mutation is associated with tumor formation. Broadly speaking, histone H3 Lys4 tri-methylation (H3K4me3) is enriched in transcriptionally active promoters. Histone H3 H3K36 tri-methylation (H3K36me3) is associated with gene activation. Histone H3 Lys9 tri-methylation (H3K9me3) and histone Lys27 tri-methylation (H3K27me3) are observed in repressed genes [@b0145].

Epigenetic mechanism of acquired resistance to BRAF and MAPK inhibition in melanoma are known to include IGFBP2 expression via increased chromatin accessibility, H3 PTM including H3K56 acetylation at the IGFBP2 locus, and consequent activation of the IGF-1 receptor leading to increased downstream AKT signaling [@b0150], [@b0155], [@b0160]. Here we demonstrate that an innate response to prolonged BRAF inhibition is loss of histone H3 K9 and H3 K27 methylation and increased H3.3 K36 methylation. These were the only constant changes to histone methylation in over 80 histone PTM examined. These changes are associated with specific changes in histone methyltransferase (HMT) gene expression in P-ERK low, p-38 high melanoma cells, following prolonged BRAF inhibition in melanoma cell lines and our novel somatic mouse model of melanoma.

Materials and methods {#s0010}
=====================

Vector constructs {#s0015}
-----------------

The retroviral vectors used in this study were [r]{.ul}eplication-[c]{.ul}ompetent [a]{.ul}vian leukosis virus long-terminal repeat, [s]{.ul}plice acceptor and [b]{.ul}ryan [p]{.ul}olymerase-containing vectors of envelope subgroup [A]{.ul}, designated RCASBP(A) and [r]{.ul}eplication-[c]{.ul}ompetent, [a]{.ul}vian leukosis long-terminal repeat, [n]{.ul}o splice acceptor designated RCANBP(A) [@b0165]. RCASBP(A) CRE, RCASBP(A) Braf^V600E^ and Tet-Off have been previously described. RCANBP(A)TRE-BRAF-KD V600E was created by PCR amplification from RCAS BRAF^V600E^ template DNA [@b0170], followed by TOPO cloning into the Gateway entry vector pCR8 (Thermo Fisher Scientific). This fragment was then cloned into an RCAN TRE vector by using LR Clonase (Thermo Fisher Scientific) for subsequent transfection and/or viral production, infection, and stable expression. Viral propagation and *in vivo* and *in vitro* infection were performed as previously described [@b0165].

Animal model {#s0020}
------------

Newborn male and female mice Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice [@b0165] were injected with a Tet-regulated *Braf* viral vector, RCAN TRE BRAF^VE^, RCASBP(A) Tet-Off and RCASBP(A) CRE. Censored survival data was analyzed using a log-rank test of the Kaplan--Meier estimate of survival. All animal experiments were performed in compliance with 'Care and Use of Animals' in Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facilities, and approved by the University of Minnesota IACUC. Mouse diets: Teklad global rodent diet formulated with doxycycline hyclate 625  mg/kg TD08541 and Teklad global rodent diet TD01306 (Envigo Indianapolis IN).

RNA-Seq {#s0025}
-------

Melanoma tumor tissues were individually snap-frozen in liquid nitrogen, immersed in RNAlater-ICE RNA Stabilization Reagent (Thermo Fisher Scientific, Waltham, USA) and thereafter stored at −80 °C without thawing. Frozen tissues were homogenized in 1 mL of TRIzol® Reagent (15596-026, Thermo Fisher Scientific) using a sterile, autoclaved mortar, and pestle. RNA was extracted per the TRIzol® protocol and purified using Qiagen RNeasy Mini Kit (74104, Qiagen, Hilden, Germany) according to the manufacturer's protocol. RNA sequencing (RNA-Seq) performed at the University of Minnesota Genomics Center \[25 M reads per sample, paired-ends, a 50 bp read length, stranded library- Illumina HiSeq 2500\]. The RNA-Seq analysis including mapping and gene FPKM (fragments per kilobase of exon model per million reads mapped) estimates ([Supplemental tables 1--2](#s0120){ref-type="sec"}) were carried out as previously described [@b0175]. Bar graphs where generated in R using Tidyverse and Ggpubr packages to perfume student's *t*-tests.

Western blotting {#s0030}
----------------

Immunoblotting assays were performed as described [@b0165]. Primary antibodies were obtained from the following sources and used according to manufacturer's recommendations: Cell Signaling Technology: anti-ERK (9102), phospho-eIF4E (9741), eIF4E (2067), P-4E-BP1 (9644), P-4E-BP1 (2855), anti-FRA (5281), phospho-FRA1 (5841), SPRY2 (14954), SOX2 (14962), MITF (12590), cyclin D1 (2978), P-ERK5 (3371), ERK5 (3372), p-p38 (4511), p38 (8690), p21 (2947), p27 (3686), EZH2 (5246), SUV39H1 (8729), H3K27me3 (9733), H3K9ac (9649), H3K27ac (8173), H3K4me3 (9751), H3 (4499), c-Met (8198); Abcam: histone H3.3-phospho S31 (ab92628), ATF3 (ab216569), SOX10 (ab216020), cystatin C (ab109508), SUV39H2 (ab190870); tubulin-HRP (21058). SOX17 (24903-1-AP); Thermo Fisher Scientific: SOX4 (PA5-40681); and Novus Biologicals: PML (NB100-59787). Covance: anti-HA monoclonal antibody HA.11. Secondary antibodies: Anti-mouse (7074) or rabbit IgG-HRP (7076) Cell Signaling.

Immunohistochemistry {#s0035}
--------------------

Immunostaining for HA was performed using an anti-HA monoclonal antibody 1:1000 (HA.11, Covance, Berkeley, CA). Analysis of cytokeratin expression was performed using mouse cytokeratin-pan-antibody-cocktail (MA5-13203, Thermo Scientific). Analysis of S100 expression was performed using rabbit polyclonal antibody Z0331 (1:400) for S100 (Dako; Glostrup, Denmark). Detection of MAPK activation was performed using a 1:100 dilution of an antibody to phospho-ERK (4370, Cell Signaling). Cell proliferation was detected using a 1:250 dilution of a rabbit monoclonal antibody to Ki67 (RM-9106-R7 Thermo Fisher Scientific). Detection of HRP activity was performed using DAB (Cell Signaling). Sections were counterstained with hematoxylin.

Mass spectrometry {#s0040}
-----------------

To analyze for changes in global histone PTM we used the MOD spec Quantitative mass spectrometry service from Active Motif (Carlsbad, CA). Histones were acid extracted, derivatized via propionylation, digested with trypsin, newly formed N-termini were propionylated as previously described [@b0180], in triplicate using the Thermo Scientific TSQ Quantum Ultra mass spectrometer coupled with an UltiMate 3000 Dionex nano-liquid chromatography system. The data was quantified using Skyline [@b0185] and represents the percent of each modification within the total pool of that tryptic peptide. Histone modification assessment was performed for H1.4: K25UN H1.4: K25AC H1.4: K25ME1 H1.4: K25ME2 H1.4: K25ME3 H2A: K5UN H2A: K5AC H2A: K9UN H2A: K9AC H2A: K36UN H2A: K36AC H2A1: K13UN H2A1: K13AC H2A1: K15UN H2A1: K15AC H2A1: K15UB H2A3: K13UN H2A3: K13AC H2A3: K15UN H2A3: K15AC H2A3: K15UB H3R2UN: K4UN H3R2UN: K4ME1 H3R2UN: K4ME2 H3R2UN: K4ME3 H3R2UN: K4AC H3R2UN: Q5UN H3R2UN: Q5ME1 H3: K9UN H3: K9AC H3: K9ME1 H3: K9ME2 H3: K9ME3 H3:K14UN H3: K14AC H3: K18UN H3: K18AC H3: K18ME1 H3: Q19UN H3: Q19ME1 H3: K23UN H3: K23AC H3: K23ME1 H3: R42UN H3: R42ME2 H3: R49UN H3: R49ME2 H3: Q55UN H3:Q55ME1 H3: K56UN H3: K56AC H3: K56ME1 H3: K64UN H3: K64AC H3: K79UN H3: K79AC H3: K79ME1 H3: K79ME2 H3: K79ME3 H3: K122UN H3: K122AC H3.1: K27UN H3.1: K27AC H3.1: K27ME1 H3.1: K27ME2 H3.1: K27ME3 H3.1: K36UN H3.1: K36AC H3.1: K36ME1 H3.1: K36ME2H3.1: K36ME3 H3.3: K27UN H3.3: K27AC H3.3: K27ME1 H3.3: K27ME2 H3.3: K27ME3 H3.3: K27M H3.3: K36UN H3.3: K36AC H3.3: K36ME1H3.3: K36ME2 H3.3: K36ME3 H4: K5UN H4: K5ACH4: K8UN H4: K8AC H4: K12UN H4: K12AC H4: K16UN H4: K16AC H4: K20UN H4: K20ME1 H4: K20ME2 H4: K20ME3 H4: K20AC (UN Unmodified, ME1/2/3 - Mono/di/tri methylation AC Acetylation UB, Ubiquitination H3R2UN).

Cell culture {#s0045}
------------

Melanoma cell lines from the American Type Culture Collection (ATCC-A375s) or National Cancer Institute (M14s) were grown in Roswell Park Memorial Institute (RPMI) medium supplemented with 5% fetal bovine serum (FBS). DF-1 cells (ATCC) were grown in Dulbecco\'s Modified Eagle Medium (DMEM)-high glucose media supplemented with 10% FBS (Invitrogen), 5 mL penicillin--streptomycin, and maintained at 39 °C. Vemurafenib, dabrafenib, and entinostat were purchased from Selleckchem, (Houston, TX, USA). Clonogenic assays were performed as described [@b0165].

Results {#s0050}
=======

Delivery of BRAF^V600E^ and Cre results in tumor formation in Dct::TVA;Cdkn2a^lox/lox^; Pten^lox/lox^ mice {#s0055}
----------------------------------------------------------------------------------------------------------

The RCAS/TVA retroviral vector system allows for tissue- and cell-specific targeted infection of mammalian cells through ectopic expression of the viral receptor [@b0190]. The RCAS(A) receptor is encoded by the *TVA* gene that is normally expressed in avian cells. In this melanoma model, transgenic mice express the TVA receptor under the control of the dopachrome tautomerase (DCT) promoter, which allows targeting of the virus specifically to melanocytes *in vivo* [@b0130]. Multiple genetic alterations can be introduced into the same cell, in the context of an unaltered microenvironment. We previously established the validity of the RCAS/TVA system to generate melanoma *in vivo* by delivering viral BRAF, NRAS, AKT, and MEK mutants in combination with Cre to melanocytes in *Cdkn2a^lox/lox^* and *Pten^lox/lox^* mice [@b0165], [@b0195], [@b0200]. To allow for regulation of activated BRAF expression *in vivo* using the Tet-regulated system, we utilized the RCAN(A) vector as opposed to RCAS, wherein expression is decoupled from the viral long-terminal repeat (LTR) through the deletion of a key splice acceptor site, and is instead driven from a Tet-responsive element (TRE) [@b0165]. Expression from the TRE requires the presence of a tetracycline transcriptional activator (tTA) such as Tet-Off. In the context of Tet-Off, the TRE-BRAF is expressed, but in the presence of doxycycline (Dox) it is repressed. An RCAS virus containing an influenza hemagglutinin (HA) epitope tagged human BRAF kinase domain with a V600E mutation [@b0205] (hereafter BRAF^VE^) was introduced into immortalized DCT-TVA melanocytes with RCAN TRE-BRAF^VE^ and RCAS Tet-Off and expression was assessed in the presence or absence of Dox. As expected, BRAF expression was present and suppressed by Dox ([Supplementary Fig. 1](#s0120){ref-type="sec"}, (3)). The deletion of the BRAF N-terminal auto-inhibitory domain leads to downstream activation of the MAPK pathway and is sufficient to drive tumorigenesis in glioma models [@b0205]. Previously, viral producing cells harboring RCAS Cre were injected subcutaneously into newborn Dct::TVA;Braf^CA/CA^Cdkn2a^lox/lox^;Pten^lox/lox^ mice (*n* = 15) and viruses containing mouse Braf^V637E^ (the equivalent of human BRAF^V600E^) hereafter Braf^V600E^ and Cre were injected subcutaneously into newborn Dct::TVA;Cdkn2a^lox/lox^;Pten^lox/lox^ mice (*n* = 21) [@b0165], [@b0195]. Both of these models generated tumors in all animals with a mean survival of 50  days (range 36--100  days) and 60  days (range 32--100  days), respectively. No significant difference was observed between the Braf^V600E^ and Braf^CA/CA^ mouse cohorts (*P* = 0.523; [Fig. 1](#f0005){ref-type="fig"}A). Herein, to study resistance to BRAF inhibition *in vivo,* we delivered viruses containing Tet-Off, Cre, and/or TRE-BRAF^VE^ to newborn Dct::TVA;Cdkn2a^lox/lox^;Pten^lox/lox^ mice by subcutaneously injecting viral producing cells harboring the RCAS and RCAN viruses. Viruses containing TRE-BRAF^VE^ and Cre were also delivered to newborn Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice as experimental controls. All mice were monitored for tumor growth and development. All of the Dct::TVA;Cdkn2a^lox/lox^;Pten^lox/lox^ mice injected with viruses containing Tet-Off, Cre and TRE-BRAF^VE^ developed melanomas (*n* = 35; [Fig. 1](#f0005){ref-type="fig"}B). To confirm that TRE-BRAF tumors have similar growth and survival rates as tumors driven by the viral LTR or endogenous BRAF promoter, we compared the survival to our previously published results using a log-rank test of the Kaplan--Meier estimate of survival. No significant difference was observed between the TRE-BRAF^VE^ and Braf^V600E^ or Braf^CA/CA^ mouse cohorts (*P* = 0.504 and *P* = 0.135; [Fig. 1](#f0005){ref-type="fig"}B and C, respectively). Dct::TVA;Cdkn2a^lox/lox^;Pten^lox/lox^ mice injected with viruses containing TRE- BRAF^VE^ and Cre- (*n* = 11) in the absence of Tet-Off remained tumor-free for the duration of the study ([Fig. 1](#f0005){ref-type="fig"}C), demonstrating that the TRE-BRAF^VE^ construct does not induce tumors in the absence of Tet-off.Fig. 1The genetic suppression of BRAF increases survival in BRAFVE, Cdkn2a, and Pten mutant melanomas. (A) Kaplan--Meier percent survival curves for mice with BRAF tumors. Dct::TVA; BRAF^CA/CA^Cdkn2a^lox/lox^; Pten^lox/lox^ mice were injected with viruses encoding Cre (black line, *n* = 21, tumor incidence 21/21) or Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice injected with viruses encoding BRAF^V600E^+Cre (red line, *n* = 15, tumor incidence 15/15). No significant difference was observed between the BRAF^CA/CA^ and BRAF^V600E\ tumors,^*P* = 0.0523. No tumors developed in Dct::TVA; Cdkn2alox/lox; Pten^lox/lox^ mice injected with Cre alone as controls (Control A, blue line, *n* = 17, tumor incidence 0/17). (B) Kaplan--Meier percent survival curves comparing TRE-BRAF^VE^ tumors with BRAF^V600E^ tumors. Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice were injected with viruses encoding Cre (black line, *n* = 15 tumor incidence, 15/15) or Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice injected with viruses encoding BRAF^V600E^+Cre+Tet-Off (red line, *n* = 8, tumor incidence 8/8). No significant difference was observed between the TRE-BRAF^VE^ and BRAF^V600E\ tumors,^*P* = 0.504. (C) Kaplan--Meier percent survival curves comparing TRE-BRAF^VE^ tumors compared with BRAF^CA/CA^ tumors. Dct::TVA; BRAF^CA/CA^Cdkn2a^lox/lox^; Pten^lox/lox^ mice were injected with viruses encoding Cre (black line, *n* = 21 tumor incidence, 21/21); or Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice injected with viruses encoding TRE-BRAF^V600E^+Cre+Tet-Off (red line, *n* = 8, tumor incidence 8/18). No significant difference was observed between the BRAF^CA/CA^and BRAF^V600E\ tumors,^*P* = 0.135. No tumors developed in Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ mice injected with Cre+TRE-BRAF^VE^ in the absence of Tet-Off as controls (*n* = 11, tumor incidence 0/11). (D) Kaplan--Meier survival curves demonstrating the effect of genetic BRAF^VE^ inhibition. Dct::TVA;Cdkn2a^lox/lox^; Pten^lox/lox^ mice were injected with viruses encoding Tet-Off+Cre+TRE-BRAF^VE^. Mice were monitored for tumor formation and randomized to receive either a Dox diet or control diet when tumors were measured at 1.0  cm^3^ (Dox diet dotted line, *n* = 14, control diet dashed line, *n* = 8). A significant increase in survival was found between Dox-treated and control mice (*P* = 0.0000017).

Suppression of BRAF^VE^ expression promotes tumor regression and significantly increases survival {#s0060}
-------------------------------------------------------------------------------------------------

When the Dct::TVA;Cdkn2a^lox/lox;^ Pten^lox/lox^ Tet-Off, CRE and TRE-BRAF^VE^ tumors reached 1000  mm^3^, 8/35 mice were randomly assigned to receive standard feed (untreated- controls), and 27/35 received Dox-containing food to suppress BRAF expression and determine whether down-regulation of BRAF expression results in tumor regression. Mice were sacrificed when the tumors exceeded 2500  mm^3^. In the Dox-treated cohort, tumors progressed for several days after initiation of treatment. This was then followed by rapid tumor regression in 85% (23/27) of the mice with the remaining 14% (4/27) only showing a partial response. In order to examine changes that occur in tumors that respond to Dox treatment, 13/27 mice in the Dox-treated cohort were sacrificed when the tumors regressed into a stable non-growing, dormant lesion, for 6 successive days. All of the remaining 10 tumor bearing mice that responded to Dox-treatment became resistant while on Dox-treatment after a highly variable period of response and tumor dormancy ([Supplemental Fig. S2](#s0120){ref-type="sec"}A). The mean time from the point the tumor regressed below 1000  mm^3^ until the tumor fully re-occurred and exceeded 1000 mm^3^, was 54.8  days (range 18--107  days). Survival rates, excluding the 13 dormant tumor mice ([Supplemental Fig.S2](#s0120){ref-type="sec"}B), were compared between the Dox-treated and untreated cohorts using a log-rank test of the Kaplan--Meier estimate of survival. The mean survival for the untreated TRE-BRAF^VE^+Tet-Off mice (*n* = 8) was 52  days (range 36--69  days) while the mean survival for the Dox-treated mice with recurrent tumors (*n* = 14) was 123  days (range 60--229  days). Thus, the administration of Dox and subsequent loss of TRE-BRAF expression significantly increased survival (*P* = 1.71 × 10^−6^; [Fig. 1](#f0005){ref-type="fig"}D).

Tumor histology {#s0065}
---------------

Tumors induced by expression of Tet-Off, TRE-BRAF^VE^, and Cre were indistinguishable from previously reported tumors induced by delivery of BRAF and Cre, where mutant expression was driven from the viral LTR, Cre, or the endogenous mouse BRAF promoter in BRAF^CA/CA^ mice [@b0135]. Microscopically, high-grade nuclear features were observed along with prominent nucleoli and numerous Ki67 positive mitotic figures ([Fig. 2](#f0010){ref-type="fig"}). The tumors consisted primarily of short spindle cells, although some possessed giant cells with epithelioid features. An HA epitope tag engineered on the N-terminus of mutant BRAF allowed for the distinction between virally delivered BRAF^VE^ and endogenous Braf. Expression and activity of BRAF^VE^ was verified by immunohistochemistry (IHC) for HA and phosphorylated ERK (P-ERK). IHC for S100 demonstrated melanocytic origin of the tumors ([Fig. 2](#f0010){ref-type="fig"}). Cytokeratin staining was used to demonstrate the tumors were not of epithelial origin.Fig. 2Immunoprofile of a representative BRAF^VE^ melanoma. BRAF^VE^ melanomas are highly vascular and consist primarily of short spindle cells exhibiting high-grade nuclear features and prominent nucleoli. They invade into subcutaneous fat, muscle, and cartilage. IHC for S100 demonstrated the melanocytic origin of the tumors. IHC for P-ERK demonstrated canonical MAPK pathway activation. Assessment of the Ki67 cellular proliferation marker was performed using IHC on slides with uniform tumor cellularity and results demonstrated that all of the tumors were highly proliferative. IHC sections were counterstained with hematoxylin and a hematoxylin and eosin (H&E) stained tumor section is provided for comparison.

Analysis of resistance to BRAF inhibition {#s0070}
-----------------------------------------

To delineate the mechanism(s) of resistance responsible for driving tumor recurrence, we first evaluated all tumor tissue for expression of virally delivered TRE-BRAF^VE^ +/− DOX cohorts. Western Blot (WB) analysis of tumor samples for the HA epitope tag revealed that none of the Dox-treated tumors re-expressed TRE-BRAF ([Fig. 3](#f0015){ref-type="fig"}). These tumors were further evaluated for activation of the canonical MAPK pathway by immunoblotting for P-ERK. MAPK pathway activation was observed in 12/14 of the resistant tumors ([Fig. 3](#f0015){ref-type="fig"}). We previously reported c-Met amplification and overexpression can drive the escape of NRAS mutant melanoma from inhibition of RAS [@b0200]. Accordingly, we evaluated tumor samples and controls for overexpression of Met; however, less than 3 of the resistant tumors overexpressed c-Met ([Supplementary Fig. 3](#s0120){ref-type="sec"}). To characterize the mechanisms of primary and acquired resistance to TRE-BRAF inhibition in an unbiased manner, we performed RNA sequencing (RNA-Seq) on primary tumors (*n* = 8), dormant tumor samples after Dox treatment (*n* = 13), and recurrent tumors resistant to Dox treatment (*n* = 8), ([Supplemental table 1](#s0120){ref-type="sec"}). We analyzed the resulting transcriptional patterns using both a statistical approach as well as an unsupervised clustering approach. We used a group-based *T*-test to identify genes, which significantly (*p* = 0.01) changed between tumors and dormant tumors, as well as to identify genes that significantly changed between dormant tumors and recurrent tumors ([Supplemental table 3](#s0120){ref-type="sec"}). A total of 2663 genes decreased between tumors and dormant tumor cells and 2976 genes increased between dormant tumors and recurrent tumors. A total of 2008 of these genes were on both lists. Expression of melanoma differentiation marker Melan A (Mlana-A) were significantly increased in dormant tumors compared to primary and recurrent melanomas. The mean FPKM values for Mlana-A were 0.28 in the primary, 11.5 in the dormant 0.22 in the recurrent tumors (*P*-value \>0.005). Using the ENrichR tool [@b0210], these gene lists ([Supplemental Table 5](#s0120){ref-type="sec"}) were independently highly enriched in E2F targets, genes involved in the canonical cell cycle pathway, and genes that are also repressed following exposure to anti-cancer drugs, including vemurafenib, which targets mutant BRAF ([Supplemental Tables 6--9](#s0120){ref-type="sec"}). Similarly, 2815 genes significantly increased in the dormant tumors relative to the primary tumors and 2743 genes significantly decreased in the recurrent tumors relative to the dormant tumors. Of these, 1981 were on both lists. These gene lists were independently highly enriched in transcripts associated with immune infiltrate ([Supplemental Table 1](#s0120){ref-type="sec"}, enrichment ENRICHR results). To visualize these changes and determine whether the primary changes are associated with these events, we selected all the transcripts with standard deviation (SD) greater than 1 and used hierarchical clustering to identify the patterns present in an unsupervised fashion. Visualization of the results show that generally a large set of genes change between primary tumors (BRAF^VE^ on) and dormant tumors (BRAF^VE^ off) and that these changes are reversed in the recurrent tumors ([Fig. 4](#f0020){ref-type="fig"}A). Analyses of the genes in cluster 1, which increases in dormant tumors (enriched in immune transcripts), and cluster 2, which decreases in dormant tumors (enriched in E2F cell cycle targets), showed very similar enrichment to the patterns observed in the direct statistically derived list ([Fig. 4](#f0020){ref-type="fig"}, [Supplemental enrichment Table 1](#s0120){ref-type="sec"}). The mean BRAF FPKM transcript levels were significantly reduced in Dox-treated mouse tumors compared to untreated tumor cohort (Dormant *P* = 0.008, Recurrent *P* = 0097, [Fig. 5](#f0025){ref-type="fig"}A). These results indicate that turning off BRAF is in part analogous to the pharmacological inhibition of BRAF and suggest that the dormant tumors are capable of escaping BRAF^VE^ loss in a similar fashion as drug resistant tumors.Fig. 3BRAF^VE^ cooperates with Cdkn2a and Pten loss in the development of melanomas *in vivo*. Virally delivered BRAF^VE^ expression was detected in proteins extracted from mouse melanomas by using an antibody for the HA epitope tag in tumors induced with RCAN TRE-BRAF^VE^+RCAS Tet-Off+Cre, but were absent from recurring Dox-treated tumors. MAPK pathway activity was evaluated by blotting for phosphorylated and total ERK 1/2. The PI3-K pathway was evaluated by blotting for phosphorylated and total Akt expression.Fig. 4Expression Analysis of primary, dormant, and recurrent melanomas. RNA-Seq transcriptional response observed in (A) primary, recurrent and BRAF^VE^-off (dormant) mouse tumors and (B) human cell lines following treatment with vemurafenib. For inclusion in the Clustering heatmap Log base 2 transformed, mean centered FPKM values with standard deviation greater than 1 were clustered using average linkage clustering. *T*-tests were used to generate lists of genes with *P*-value \>0.05 and absolute value of average fold change greater than 1.5 that were compared across human and mouse experiments to identify (C) transcripts that decreased following genetic removal of BRAF^VE^ in murine tumors, and increased in recurrent tumors, as well as decreased after vemurafenib treatment in human cell lines and (D) increased following genetic removal of BRAF^VE^ in murine tumors, and decreased in recurrent tumors, as well as increased after vemurafenib treatment in human cell lines.Fig. 5Altered expression of histone modifying enzymes in response to suppression of BRAF^VE^. (A) Normalized gene expression (FPKMs) of virally delivered Dox-regulated *BRAF^VE^* in primary, dormant and recurrent tumors resistant to Dox treatment. (B) Normalized gene expression (FPKM) of *Ezh2, Suv38h1, Suv38h2,Ash2l, ASH2L, SYMD2,* and *PRMT5* in primary, dormant and recurrent tumors. Students *T*-tests were performed to assess significance.Fig. 6Altered expression of histone modifying enzymes in response to BRAF^V600E^ inhibition. Normalized gene expression (FPKMs) of *EZH2, SUV39H1, SUV39H2, ASH2L, SYMD2*, and *PRMT5* in human melanoma cell lines following 20 days of BRAF inhibition with 2 µM vemurafenib or vehicle control. Students *T*-tests were performed to assess significance.

RNA-Seq analyses of BRAF^V600E^ mutant cell lines following treatment with vemurafenib {#s0075}
--------------------------------------------------------------------------------------

Mutant BRAF inhibitors, encorafenib, vemurafenib, and dabrafenib, induce cell cycle arrest and high levels of apoptosis in BRAF mutant melanoma cell lines. However, a residual population of dormant tumor cells survive and over time can become resistant [@b0135], [@b0030]. Accordingly, we conducted RNA-seq analysis in triplicate on human melanoma cell lines with BRAF^V600E^ mutations (A375 and M14) before and following 20 days of treatment with 2 µM vemurafenib ([Supplemental table 2](#s0120){ref-type="sec"}). We analyzed the resulting transcriptional patterns using both a statistical approach as well as an unsupervised clustering approach. Using the *T*-test approach ([Supplemental table 4](#s0120){ref-type="sec"}), 2679 genes decreased after vemurafenib treatment. The ENrichR results showed that this gene set is highly enriched in E2F4 targets, genes involved in canonical cell cycle and replication pathways, and genes that decrease following vemurafenib treatment--all changes that could be observed following removal of *BRAF ^VE^* in the genetic model. Using the *T*-test approach, 3726 genes increase after vemurafenib treatment. Not surprisingly, these lists are highly enriched in genes that are increased following exposure to vemurafenib. As expected with in vitro analysis, genes associated with immune cells were not enriched. The *T*-test approach can also be obtained from the hierarchical clustering approaches, indicating that the primary differences in transcription resulted from the exposure of the cells to the drug ([Fig. 4](#f0020){ref-type="fig"}B). Overall, the changes between loss of BRAF^VE^ in the mouse model and exposure of the cell lines to the BRAF inhibitor are consistent with a common biological mechanism. In additional support of this concept, many of the genes that were decreased after vemurafenib exposure were also decreased after BRAF removal relative to primary and recurrent tumors (*n* = 741, [Fig. 4](#f0020){ref-type="fig"}C). Similarly, many of the genes increased after vemurafenib exposure were also increased following BRAF^VE^ suppression (*n* = 430, [Fig. 4](#f0020){ref-type="fig"}D). Differences likely stem from the presence of microenvironment transcripts in the mouse model as well as differing chromatin states.

Expression changes in histone methyltransferase are conserved in melanoma dormancy between human cell lines and mouse tumors {#s0080}
----------------------------------------------------------------------------------------------------------------------------

Our data revealed expression changes in specific histone methyltransferases and histone deacetylases in our dormant tumors *in vivo* and in pharmacologically dormant human melanoma cells treated with vemurafenib (Supplementary Fig. 4--response to BRAF inhibition). Despite the very different *in vitro* and *in vivo* conditions, expression of methyltransferase genes *Enhancer Of Zeste 2 Polycomb Repressive Complex 2* Subunit (*EZH2), Suppressor Of Variegation 3*-*9 Homolog 1(SUV39H1), Suppressor Of Variegation 3*-*9 Homolog 2 (SUV39H2), ASH2 Like, Histone Lysine Methyltransferase Complex Subunit (ASH2L), SET And MYND Domain Containing 2 (SYMD2),* and *Protein arginine methyltransferase 5 (PRMT5)* decreased following BRAF inhibition ([Figs. 5](#f0025){ref-type="fig"}B, [6](#f0030){ref-type="fig"}). To confirm the effect of altered histone methyltransferase and mRNA expression, we treated BRAF melanoma cells lines with 2 μM vemurafenib or 1 μM dabrafenib for 20 days. Immunoblotting of proteins from these cells confirmed that EZH2, SUV39H1, SUV39H2, ASH2L, SYMD2, and PRMT5 were downregulated in response to BRAF inhibition with vemurafenib or dabrafenib in the p-p38 high, p27 high, p-ERK1/2 low dormant A375 and M14 melanoma cells ([Fig. 7](#f0035){ref-type="fig"}A). The changes for EZH2 as well as for SUV39H1 and SUV39H2, which showed the least consistent significant change in gene mRNA expression, were further validated in two additional human BRAF^V600E^ melanoma cell lines---M229 and M238---and in Yumm2.1s, a BRAF^V600E^ mouse melanoma cell line ([Fig. 7](#f0035){ref-type="fig"}B).Fig. 7Prolonged BRAF^V600E^ inhibition with vemurafenib leads to decreased methyltransferase in BRAF-expressing melanoma cells. (A) Melanoma cell lines with a BRAF^V600E^ mutation were maintained in media containing 2 μM vemurafenib or 1 μM dabrafenib for 20 days. The expression, phosphorylation, and methylation of the indicated proteins were detected by immunoblotting. BRAF inhibition with vemurafenib led to rapid decreases in P-ERK and increased P-p38, p21, and p27 expression in A375 and M14 melanoma cells. The expression of EZH2, SUV39H1, SUV39H2, ASH2L, SYMD2 and PRMT5, decreased in response to BRAF inhibition with vemurafenib. (B) The effect of prolonged culture under BRAF^V600E^ inhibition on EZH2, SUV39H1, SUV39H2 which demonstrated the most prominent response to BRAF inhibition expression were validated in three additional melanoma cell lines (M229, M238 and Yumm2.1s).

BRAF inhibition is associated with a loss of H3K9, H3K4 and H3K27-methylation and an increase in K36 methylation {#s0085}
----------------------------------------------------------------------------------------------------------------

Immunoblotting and antibody-based protocols are not reliable for the assessment of histone PTMs due to antibody cross-reaction, the influence of neighboring PTMs, the inability to reliably distinguish between the modification states and similar histone variants; nor are they high throughput or fully quantitative [@b0215], [@b0220]. Therefore, to determine the actual effect of BRAF inhibition on histone PTM, we performed quantitative mass spectrometry to measure the relative abundance of the 80 most common histone PTMs in human A375, M14 and M229 melanoma cell lines treated with 2 μM vemurafenib or vehicle control for 20 days. The abundance of each peptide and the corresponding measurements from three separate experiments ([Fig. 8](#f0040){ref-type="fig"}, [Supplemental table 10](#s0120){ref-type="sec"}); as modification levels are below 0.5% can confounded by background signals from the instrumentation the results demonstrate that the loss of histone H3 K9, and K27 bi and tri methylation and an increase in H3 K36 bi and tri methylation and were the only consistent significant changes in histone PTM along with a small reduction in H3 K14, K18 and K23 acetylation.Fig. 8Prolonged BRAF^V600E^ inhibition with vemurafenib leads to specific changes to histone PTM in BRAF-expressing melanoma cells. The mean relative abundance of each form of a given tryptic peptide in BRAF melanoma cell lines treated with 2 μM vemurafenib or vehicle control for 20 days. A reduction in H3 K9 and K27 bi and tri-methylation and an increase in K36 bi and tri-methylation was seen in response to prolonged BRAF inhibition in human and mouse BRAF melanoma cell lines. A small but consistent reduction in acetylation was also seen at H3 K14, K18 and K23. No other significant changes to histone PTM were detected.

Discussion {#s0090}
==========

Adaptation to therapy is a major factor that limits the long-term response of BRAF-mutant melanoma patients to BRAF inhibitors. To better understand resistance to BRAF inhibition, we have developed a targeted somatic cell gene delivery mouse model of melanoma that allows for temporal and spatial control of gene expression. This approach is useful as paired pre-biopsied samples of melanomas that are responding to treatment are nearly impossible to obtain. The targeted delivery of BRAF^V600E^, NRAS^Q61R^, or MEK mutants in combination with Cre to Cdkn2^lox/lox^ Pten^lox/lox^ melanocytes led to the development of melanomas that closely mimic the human disease [@b0130], [@b0195], [@b0200]. Targeted delivery of Tet-Off, CRE, and TRE-BRAF^VE^, Dct::TVA; Cdkn2a^lox/lox^; Pten^lox/lox^ to melanocytes caused mice to develop melanomas that regressed when they were fed doxycycline-containing food; however, after a long latency, the tumors re-occurred. Immunoblotting and RNA-Seq transcriptional analysis confirmed that BRAF^VE^ remains under Dox control, and many of the resistant tumors reactivated the MAPK pathway.

RNA-Seq-based transcriptional analysis of tissue from pre-treated, responding, and recurrent melanomas revealed changes in gene expression potentially responsible for the survival of dormant melanoma cells. By comparing these gene expression changes to those in human cell lines treated with BRAF inhibitors, we were able to determine commonalties in suppressing BRAF genetically and the pharmacological inhibition of BRAF; these included the loss of differentiation markers such as Melan A [@b0225], [@b0230]. The inherent response in dormant mouse tumors and human melanoma cell lines to BRAF inhibition was the upregulation of HMTs, *EZH2*, *SUV39H1, SUV39H2*, *ASH2L*, *SYMD2*, and *PRMT5*.

EZH2 is the enzymatic subunit of polycomb repressive complex 2, which methylates H3 K27 to promote transcriptional silencing. EZH2 is overexpressed in melanoma, lymphoma, bladder cancer, glioma, liver, ovarian, and lung cancers, and gain-of-function mutations have also been identified in lymphoma and melanoma. Missense mutations at the H3 K27 site are common in pediatric brain stem gliomas [@b0235]. Genes regulated by EZH2 in melanoma include *p21/CDKN1A, RAF1*, *E-cadherin*, *NRAS* and *KRAS* [@b0240]. EZH2 also drives transformation by silencing genes relevant to the primary cilium, a key step in melanoma metastasis [@b0245]. SUV39H1 and SUV39H2 are primarily responsible for di- and tri-methylation of H3K9. H3K9me3 leads to the silencing of E2F-responsive genes regulating cell cycle and cell differentiation. Overexpression of SUV39H1/H2 occurs in breast cancer, colorectal cancer, gastric cancer, lung cancer, liver cancer, leukemia, and lymphomas [@b0250]. ASH2L is a core member of the SET1/ASH2 histone methyltransferase complex that specifically methylates H3K4. ASH2L is overexpressed in almost all human tumors and tumor cell lines [@b0255]. PRMT5 regulates cellular functions, including apoptosis, pluripotency, and cell growth. ASH2L is, in turn, methylated by PRMT5. Overexpression of the PRMT5 protein is observed in leukemia, lymphoma, glioma, ovarian, breast, prostate, and lung cancer. Loss of PRMT5 expression reduces the expression of microphthalmia-associated transcription factor (MITF) and increases expression of the cell cycle regulator p27 (Kip1) in melanoma. The depletion of PRMT5 inhibits proliferation in melanoma cell lines, but accelerates the growth of other cancer cells [@b0260]. SMYD2 specifically methylates H3K4 in complex with ASH2L and also methylates TP53, RB1, and PRAP1 proteins [@b0265].

Histone methylation plays a key role in regulating gene expression programs to control cell differentiation and aberrant histone H3 modification or mutation is associated with tumor formation. Histone H3K4me3 is enriched in transcriptionally active promoters. H3K36me3 is associated with gene activation. H3K9me3 and H3K27me3 are observed in repressed genes [@b0145]. An examination of histone modifications in the mouse melanoma cells and BRAF inhibitor-treated melanoma cell lines using quantitative mass spectrometry, determined a reduction in histone K9 and K27 methylation and increase in K36 methylation. These were the only changes to histone methylation in the melanoma cells out of 80 possible changes to histone PTM screened. Exposure of BRAF^V600E^ melanoma cells to BRAF and MEK inhibitors, hypoxia or nutrient starvation has previously reported to induce the surviving dormant cells to adopt a less differentiated, drug-tolerant state characterized by the loss of differentiation marker Melan-A and the upregulation of HMT activity, and a loss of H3K4me3, H3K27me3 and gain of H3K9me3 [@b0225], [@b0230]. Our results demonstrated the loss of H3K9me3 and H3K27me3 in human and mouse BRAF melanoma cell lines as well as the novel discovery of increased H3K36me in response to BRAF inhibition; however, we did not detect a change in H3K4me3 and H3K4me2 in response to BRAF inhibition in human and mouse melanoma cell lines. This discrepancy may result from antibody-based approaches being unreliable for the detection of histone PTMs. Our use of mass spectrometry followed from past divergent results when examining histone PTMs with immunoblotting. The small size of the structural motifs makes the antibodies, which recognize PTM peptides/proteins independent of its surrounding sequences, unreliable [@b0215], [@b0220].

Conclusion {#s0095}
==========

Almost 40% of melanomas develop resistance to BRAF inhibition without any identifiable genetic changes [@b0140]. We have identified specific HMT and histone PTM that are dysregulated both in vitro and in vitro following the genetic suppression of vemurafenib inhibition BRAF^V600E^ in melanomas. This suggest that one intrinsic response of melanoma cell to the challenge of BRAF inhibition is the induction of a transcriptionally permissive state through the global loss of repressive histone marks. Due to their key role in the regulation of gene expression, preventing H3 demethylation may be key to improving the long-term efficacy of BRAF inhibition. Histone deacetylase (HDAC) inhibitors are currently in Phase II trials in combination with pembrolizumab (anti PD-1) for patients with melanoma; however, HDAC inhibitors are known to indirectly prevent histone de-methylation [@b0270]. Given that only minor changes in histone acetylation were seen in our study, the role of HDAC inhibitors in repressing histone methylation will require future investigation and needs to be decoupled from their role in deacetylation.
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